The tropical Andes is an important natural laboratory to understand speciation and diversification in 21 many taxa. Here, we examined the evolutionary history of parasites of the Leishmania braziliensis 22
51
Here, we used whole-genome sequencing to study the evolutionary history of parasites of the 52 Leishmania braziliensis species complex in Peru, one of the biologically richest and most diverse 53 regions on Earth. The lowland species L. braziliensis is a zoonotic parasite circulating in a diverse range 54 of wild mammals 9 in Neotropical rainforests. It is one of the major causes of cutaneous leishmaniasis 55 in Latin America, and also causes a relatively high frequency of severe mucocutaneous disease (known 56 locally as espundia) where the parasite spreads to mucosal tissue. Human infections appear to be a 57 spillover from this sylvatic life cycle, and are probably not important in transmission. In contrast, the 58 montane species L. peruviana is largely endemic to the Pacific slopes of the Peruvian Andes. It is 59 transmitted exclusively in peri-domestic xerophytic environments and causes a disease of altitude 60 (1300-2800 m), known locally as uta, a benign form of cutaneous leishmaniasis. Both Leishmania 61 species were initially shown to be different at only one of 16 enzymatic loci 10 , but subsequent molecular 62 analyses showed that they correspond to two distinct monophyletic clades of the Viannia subgenus 11-63 13 . Molecular karyotyping further revealed that L. braziliensis was karyotypically homogeneous in 64 contrast to L. peruviana that was genetically subdivided into different biogeographical regions across 65 and along the Peruvian Andes 14,15 . These species differences persist despite the report of a number of 66 parasites presenting hybrid marker profiles 16, 17 .
Our understanding of the genetics of diversification and hybridization in Leishmania is increasingly 68 informed by the genomic revolution. Whole genome sequencing data of hundreds of isolates revealed 69 the global 18 and local 19, 20 genome diversity of the Old-World L. donovani species complex, although 70 genome studies on New-World Leishmania species remain scarce and limited to a few isolates [21] [22] [23] .
71
Genome-scale analyses also provided strong evidence for genome-wide patterns of recombination in 72 presumed clonal Leishmania species 24-26 , including evidence of classical crossing over at meiosis 24 .
73
While these studies revolutionized our understanding of the fundamental biology of parasitic protozoa, 74 information on the structure, diversity and evolution of their mitochondrial genome remains 75 fragmentary. This is mainly because of the extraordinary complexity of the mitochondrial DNA of 76 trypanosomatids, consisting of a giant network of thousands of heterogeneous minicircles (0.5-2.5 kb 77 in size, depending on the species) interlaced with 20-50 homogeneous maxicircles (20-30 kb) 27 
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Here, we present the first study that examines the diversification and hybridization of parasitic protozoa 86 based on a joint analysis of complete nuclear and mitochondrial genomes. After mapping sequences 87 against a PacBio assembly including 35 chromosomes and a complete maxicircle, unaligned reads were 88 used to assemble, circularize and annotate full sets of mitochondrial minicircles. We show that patterns 89 of population genomic structure were strongly associated with biogeographical origin, and suggest that 90 speciation was driven by ecological re-arrangements during late Pleistocene climatic cycling. In 91 addition, we demonstrate that interspecific meiotic recombination resulted in uniparental inheritance of 92 maxicircles but biparental inheritance of minicircles, leaving a mosaic ancestry of minicircle-encoded 93 guide RNA genes. We discuss the potential role of biparental inheritance of minicircles in preserving 94 minicircle complexity and mito-nuclear compatibility in trypanosomatid parasites. 108 braziliensis correspond to two closely related but distinct monophyletic clades ( Fig. 1a ). When 109 estimating the proportion of fixed nucleotide differences between species across their combined 110 accessible genome of 28.3 Mb, we found that L. panamensis showed fixed differences at 1.06% sites 111 from L. braziliensis and 1.21% sites from L. peruviana. In contrast, L. braziliensis and L. peruviana 112 differed at a tenfold lower number of fixed nucleotide differences (0.04%), highlighting their close 113 relatedness.
114
Genotyping across the accessible genome (88.3% -28.9 Mb) of the 67 L. braziliensis species complex 115 isolates disclosed a total of 389,259 SNPs and 114,082 small insertions/deletions (INDELs). SNPs and 116 variable sites (i.e. excluding SNPs fixed in a given species) were evenly distributed across the 35 major 117 chromosomes, but L. peruviana showed a 2.6 fold lower density in SNPs (4.1/kb vs. 10.6/kb) and a 9.5 118 fold lower density in variable sites (1/kb vs. 9.5/kb) compared to L. braziliensis (Supp. Fig. 2 ). While 119 the allele frequency spectrum of L. braziliensis was dominated by rare variants, the large majority of 120 SNP loci were entirely fixed (67%) and homozygous (89%) in L. peruviana (Supp. Fig. 3 ), suggesting 121 a strong population bottleneck at the origin of this species. Several of these fixed SNP mutations were 122 virtually absent in L. braziliensis and deleterious to genes coding for an ion transporter protein, kinesin-123 C 30 and the subunit 2 of the class I transcription factor A complex 31,32 (Supp. Table 2 ).
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L. peruviana and L. braziliensis showed a relatively extensive variation in chromosome copy numbers, 125 except chromosome 31 that was tetrasomic for most isolates, and chromosomes 19, 26, 27, 32 and 34 126 that were disomic for all isolates (Supp. Fig. 4 ). A high degree of aneuploidy is especially observed 127 among in vitro cultivated promastigotes 33 , which may explain the lack of species-specific somy profiles 128 observed here (Supp. Fig. 4 
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Comparative population genomics of lowland and montane Leishmania parasites 143 Analyses of population structure using unsupervised clustering with ADMIXTURE ( Fig. 1a ) revealed 144 three major groups of parasites, each corresponding to a particular biome. The first group comprised 145 the lowland L. braziliensis parasites that were largely found within tropical moist forests at a median 146 altitude of 631 m (Fig. 1b,c) . The second and third group comprised the montane L. peruviana parasites 147 found within two different biomes. The Porculla lineage was found at an average altitude of 1,985 m 148 within tropical deciduous forests that span the Huancabamba depression and the North-Eastern slopes 149 of the Peruvian Andes ( Fig. 1b,d ). The Surco lineage was exclusively found within desert shrubland 150 along the Pacific slopes of the Peruvian Andes, at an average altitude of 2,769 m ( Fig. 1b 161 Table 3 ). In contrast, L. braziliensis displayed a unimodal distribution centered around zero (mean = -162 0.11), suggesting that the population is close to HWE and that L. braziliensis may experience relatively 163 high recombination rates (Supp. Fig. 8c ; Supp. Table 3 ). Despite strong genetic differentiation and 164 reduced recombination rates in L. peruviana, there were signals of historical hybridization events, in 165 particular among the Surco populations (Supp. Fig. 9 ). The occurrence of hybridization among the 166 Surco populations was also highlighted by isolate LH741 that showed a mixed ancestry between the 167 SUN and SUCS populations (Supp. Fig. 6a, 7b ).
Late Pleistocene origin of montane Leishmania parasites

169
The time-resolved phylogeny calibrated based on an assumed substitution rate for maxicircles 34 170 suggested that the common ancestor of L. peruviana and L. braziliensis lived ~128 kya (CI: 85 kya -171 175 kya) ( Fig. 2a ) during the Last Interglacial (130 kya -115 kya). Subsequent diversification of L.
172
peruviana occurred at several occasions during the Last Glacial Period which lasted from 115 kya to 173 11.7 kya ( Fig. 2a ). These results suggest that the (sub-)diversification of L. peruviana may have been 174 promoted by extensive climatic cycling and vegetational shifts. 
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Meiotic-like recombination between lowland and montane Leishmania parasites
199
We also included 13 hybrid L. peruviana x L. braziliensis isolates from the Huánuco region where both 200 Leishmania species and their hybrids occur sympatrically 16, 17 . Earlier molecular work suggested the 201 presence of four zymodemes and seven microsatellite genotypes within the hybrid population 17 , and 202 here we sequenced isolates from each zymodeme. Of a total 149,735 SNPs that were identified in the 203 hybrid population, 61,804 sites (41.3%) were fixed homozygous and 73,375 sites (49%) were fixed 204 heterozygous, leaving 14,556 segregating sites (9.7%). Heterozygous sites were evenly distributed 205 across the genome and rarely interrupted by homozygous stretches (Supp. Fig. 11 ). The frequency 206 distribution of allelic read depths at heterozygous sites was centered around 0.5 for all hybrids (data not 207 shown), as would be predicted for diploid Leishmania parasites 35 . Hybrids were near-identical, differing 208 by a median 1,245 heterozygous sites and one homozygous site (Supp . Table 4 ). Exceptions were 209 isolates PER011 and LC2520 that showed 167 homozygous SNP differences (Supp . Table 4 ), but close 210 inspection revealed that 165 SNPs were located within a 63kb window on chromosome 32 that was 211 homozygous for either parental alleles in the two isolates (Supp. Fig. 11 ), suggesting that these 212 differences are due to gene conversion events.
Principal Component Analyses (PCA) based on genome-wide SNPs showed that hybrids occupied a 214 tight central position between L. braziliensis and the L. peruviana SUCS population ( Fig. 3a) , 215 suggesting that all hybrids are first-generation offspring. Estimates of raw nucleotide differences 216 revealed a similar genetic distance between the hybrids and the L. braziliensis isolates LC2551, LC1409 217 and LC1412 on the one hand, and the L. peruviana SUCS population on the other hand (results not 218 shown). In addition, close examination of 89 SNPs identified within the coding region of the 219 mitochondrial maxicircle revealed that all hybrids were identical to L. braziliensis isolates LC2551, 220 LC1409 and LC1412 (Fig. 3b ). Altogether, these results clearly indicate the following two parent 
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L. peruviana (r = 0.07, p = 0.7) and the hybrids (r = 0.03, p = 0.92). To validate the quality of the 250 assembly, reads were aligned to the minicircle contigs and several mapping statistics were summarized.
251
First, on average 95% of all mapped reads were properly paired and 93% aligned with a mapping quality 252 larger than 20 (Supp . Table 5 ). Second, a total of 100 homozygous SNPs were identified within 56 253 contigs, which is only 0.62% of all contigs, suggesting a robust assembly for the large majority of the 254 minicircle contigs. Third, the length of the majority of the circularized minicircles (6,906 contigs, 255 99.3%) showed a bimodal distribution around ~740 bp and ~750 bp (Supp. Fig. 13 MSCs at 80% identity (Supp. Fig. 14a ). As percent identity decreased, the alignments were more prone 271 to gaps larger than or equal to 2 nucleotides (Supp. Fig. 14b ). Specifically, there was a sharp increase 272 in the number of alignments with 3-nt gaps from 97% to 96% identity (Supp. Fig. 14b ), suggesting that 273 clustering results may be less robust below the 97% identity threshold. In addition, discriminatory 274 power decreased strongly below the 97% identity threshold as we observed a decrease in the proportion 275 of MSCs unique to L. peruviana and an increase in the proportion of MSCs shared between L.
276 braziliensis, L. peruviana and the hybrids (Fig. 4a) . 4b ).
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To study the ancestry of Leishmania based on minicircle complexity, we reconstructed a Euclidean 281 distance matrix based on MSCs observed in each Leishmania isolate at the 97% identity threshold. A
282
Neighbor-Joining phylogenetic tree including L. panamensis revealed a remarkably similar topology as 283 seen using genome-wide SNPs (Fig. 1a) , with a clear distinction between the L. peruviana Porculla 284 lineage and the L. peruviana Surco lineages (Fig. 4c) . A PCA based on minicircle absence/presence in 285 each isolate showed an identical pattern as seen with genome-wide SNPs, with the first axis separating 286 L. braziliensis from L. peruviana and the second axis dividing the main L. peruviana populations (Fig.   287 3c). Interestingly, hybrids did not cluster with either parental species as would be predicted for a 288 uniparentally inherited kinetoplast, but rather occupied an intermediate position between L. braziliensis 289 and the L. peruviana SUCS population (Fig. 3c ). In addition, at 97% identity, virtually all MSCs found 290 in the hybrids are also found within L. peruviana and/or L. braziliensis (Fig. 4a) 308 braziliensis x L. peruviana parasite.
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All annotated minicircles contained the expected three Conserved Sequence Blocks and 65%-81% 310 (depending on the isolate) had a single predicted gRNA of at least 40 bp complementarity to edited 311 mRNA sequence ~500 bp downstream of the CSB-3 sequence (Supp. Fig. 15, blue 
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The distribution and ancestry of the predicted gRNAs was examined across the four pan-edited genes 330 GR3, GR4, ND8 and ND9, revealing two major results (Fig. 5) . First, many of the novel Ma-gRNAs 331 covered editing sites that were not covered by minicircle-encoded candidates (Fig. 5, stars ), suggesting 332 that these Ma-gRNAs are essential to prevent a break of the 3'-5' editing cascade. This is most clearly 333 observed for the L. peruviana SUCS isolate where Ma-gRNAs covered four different locations in the 334 ND9 gene that were not covered by minicircle-encoded gRNAs (Fig. 5, stars) . Second, L. peruviana x 335 L. braziliensis hybrids showed a mosaic ancestry of gRNAs originating from both parental species, with 336 L. peruviana -specific gRNAs aligning in locations where there were no L. braziliensis -specific 337 gRNAs (Fig. 5, arrows 
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We included a total of 31 L. peruviana isolates from Peru, originating from the regions of Piura (N=9),
429
Huánuco (N=2), Ancash (N=6), Lima (N=6) and Ayacucho (N=6) that largely reflect the distribution 430 of Andean CL (Supp. Fig. 1 
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High quality reads are then used for de novo assembly using a multiple k-mer strategy in MEGAHIT 75 , 541 currently the most efficient assembler optimized for large and complex metagenomics sequencing data.
542
As MEGAHIT deals with non-uniform sequencing depths 75 , it is suitable for assembling minicircle 543 sequences that show a large variability in copy numbers.
544
The resulting contigs of the MEGAHIT assembly are filtered for the presence of the Conserved 545 Sequence Block 3 (CSB3), a 12-bp minicircle motif, also known as the universal minicircle sequence, 546 that is highly conserved across all Kinetoplastida species 37 . By default, KOMICS uses the known CSB-547 3 motif GGGGTTGGTGTA and its reverse complement to extract contigs of putative minicircle origin.
548
For circularization, komics uses BLAST 76 as a strategy to identify a sequence that is in common at the 549 start and the end of a given minicircle contig. MEGABLAST is run on the entire set of minicircle 550 contigs with the low complexity filter turned off and allowing a maximum e-value of 10 -5 . The BLAST 551 output is processed to retain only hits among the same minicircle contig (avoiding artificial dimers) 552 with 100% identity and a minimum 20bp overlap at the start and end of a given contig. Whenever an 553 overlap is found, the contig is classified as circular and the duplicated sequence at the start of the contig 554 is removed. Finally, the assembly is polished by putting the CSB3-mer at the start.
555
The quality of the minicircle assembly is verified by aligning the unmapped reads to all minicircles 556 using SMALT, whereby the circular minicircles were extended by 150bp, and estimating the following 557 mapping metrics. First, the quality of the total assembly for a given sample is verified by estimating the 558 number of reads that are (i) mapped, (ii) perfectly matched, (iii) properly paired (including reads that 559 align at both ends in opposite direction) or (iv) aligned with a minimum mapping quality of 20. The 560 same numbers are also estimated but only for those reads that contain the CSB3-mer, allowing to 561 estimate the proportion of successfully assembled minicircles for a given sample. Second, the quality 562 of each minicircle assembly is verified by estimating the same metrics as listed above for the total 563 assembly, and by estimating the mean, median, minimum and maximum read depth.
565
Prediction of guide RNA genes on mitochondrial maxicircles and minicircles 566 Genome and transcriptome sequencing data were generated for L. braziliensis LC1412, L. peruviana 567 HR78 and hybrid L. braziliensis x L. peruviana isolate HR434. Genomic reads were aligned to the L.
568
braziliensis reference genome using SMALT as described above, but this time with the maxicircle 569 masked. Unmapped reads were extracted and used for assembling the mitochondrial maxicircles and 570 minicircles. Putative maxicircle contigs were generated with SPADES v3.13 77 using a multiple kmer 571 strategy (21, 33, 55, 77, 99, 127) , identified by BLAST and annotated with RATT 78 using the L. 
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In order to obtain species-specific differences in edited maxicircle mRNA sequences, A, C and G 576 residues in published sequences of L. tarentolae 79-82 and/or L. mexicana amazonensis LV78 83 were 577 corrected based on the assembled maxicircle sequences. Illumina reads from whole-cell RNA 578 sequencing were then aligned to these manually edited sequences using SMALT, and the alignments 579 were carefully inspected for indications of potential differences from the published editing patterns.
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Canonical gRNAs were then predicted as follows. Coding and template strands of maxicircles and 581 template strands of minicircles were aligned (not permitting gaps) to edited mRNA to predict canonical 582 gRNAs. Each strand was split into 120-nt fragments with each fragment overlapping by 60 nt. Given 583 that gRNA genes are about 40 nt long, an overlap of 60 nt was deemed sufficient to capture all gRNAs.
584
Each fragment was then aligned to all edited mRNA sequences. All unique alignments which met the 585 following criteria were recorded:
586
• contained from 25 (for minicircles) and 40 (for maxicircles) to 60 non-contiguous matches 587 (Watson-Crick or G-U basepairs) 
588
• contained no more than two contiguous mismatches 589
• had an anchour duplex of at least 6WC basepairs or 5WC+1GU+1WC bps or 590 4WC+1GU+2WC bps
591
• covered at least one U insertion or deletion event.
Plots of predicted gRNA positions on minicircles (Supp. Fig. 15 ) revealed that highly likely gRNAs 593 (i.e., those longer than 40nt with low frequency of mismatches) occurred at a well-defined position of 594 between 450 to 525 nt downstream from the start of CSB3. All gRNAs falling into this region were 595 assumed to be canonical gRNAs. This does mean that some minicircles encode more than one predicted 596 canonical gRNA. In such cases, without transcriptomic data, it is impossible to determine which 597 predicted gRNAs are transcribed. 598 599 600
